Microfluidics and lab-on-a-chip technology offers unique advantages for the next generation devices for diagnostic therapeutic applications. For chemical, biological and biomedical analysis in microfluidic systems, there are some fundamental operations such as separation, focusing, filtering, concentration, trapping, detection, sorting, counting, washing, lysis of bio-particles, and PCR-like reactions. The combination of these operations led to the complete analysis systems for specific applications. Manipulation of the bio-particles is the key ingredient for these applications. Therefore, microfluidic bio-particle manipulation has attracted a significant attention from the academic community. Considering the size of the bio-particles and the throughput of the practical applications, manipulation of the bio-particles is a challenging problem. Different techniques are available for the manipulation of bio-particles in microfluidic systems. In this review, some of the techniques for the manipulation of bio-particles; namely hydrodynamic based, electrokinetic-based, acoustic-based, magnetic-based and optical-based methods have been discussed. The comparison of different techniques and the recent applications regarding the microfluidic bio-particle manipulation for different biotechnology applications are presented. Finally, challenges and the future research directions for microfluidic bio-particle manipulation are addressed.
Introduction
The miniaturization trend of integrated circuits since 1970s, and the development of advanced fabrication techniques for micro and nano-scale devices [1] since 1980s led to the usage of devices having the dimensions of micrometers and nanometers in many fields. This trend has helped microfluidics, which is the flow physics at micro scale, become an active research area at the intersection of chemistry, physics, biology and engineering. This intersection eliminated the boundaries between these disciplines. The elimination of these boundaries has posed many challenges and new directions for organizations of education and research. One of the important challenges is the rapid development of biochips, miniaturized analysis systems or lab-on-a-chip (LOC) devices which are microfluidic platforms on which one can handle chemical and biological analyses, point-of-care testing, clinical and forensic analysis, molecular and medical diagnostics for biological, biomedical and chemical applications. LOC devices can perform the same specialized functions as their bench-top counterparts. They can also perform clinical diagnoses, scan DNA, run electrophoretic separations, act as microreactors, detect cancer cells and identify bacteria and viruses [2] . On a single chip, hundreds of different reactions and/or analyses can be performed at the same time through hundreds of parallel microchannels. Originally it was thought that the most significant benefit of these LOC devices would have been the analytical improvements associated with the scaling down of the size. Further developments revealed other significant advantages such as: (i) small amount of sample (in the nano to picoliter range, opening the door to the possibility of analyzing components from single cells), (ii) small amount of reagents, (iii) very short reaction and analysis time compared to bench-top counterparts, (iv) reduced manufacturing costs, (v) increased automation, (vi) high portability, and (vii) opportunity for massively parallel chemical analyses either on the same or multiple samples [3] .
For chemical, biological and biomedical analyses in microfluidic systems, there are some fundamental operations such as separation, focusing, filtering, concentration, trapping, sorting, detection, counting, washing, lysis of bio-particles, and PCR-like reactions. The combination of these operations led to the complete analysis system or LOC system for a certain application.
Manipulation of the bio-particles is the key ingredient for the aforementioned operations. Therefore, microfluidic bio-particle manipulation has attracted significant attention from the academic community. Considering the size of the bio-particles and the required throughput for the practical applications, manipulation of the bio-particles is a challenging problem. Many research groups and scientists have proposed different techniques to manipulate bio-particles such as hydrodynamic-based, electrokinetic-based, acoustic-based, magnetic-based, optical-based etc. In this review, these different techniques are discussed. Moreover, the comparison of different techniques and the recent biotechnology applications regarding the microfluidic bio-particle manipulation are presented. Finally, challenges and the future research directions are also addressed.
Manipulation methods
Manipulation methods can be categorized as passive or active methods depending on the presence of an external force field. Passive systems utilize the flow field together with the channel geometry or topology changes to manipulate the motion of particles. On the other hand, active systems utilize an external force field such as electric, acoustic, magnetic and optic to manipulate the motion of particles. These methods can also be categorized as labelbased or label-free methods depending on the need for any labeling (or tags) for the bio-particles. The label-free methods utilize the intrinsic properties of the bio-particles such as size, shape, density, dielectric properties, acoustic properties and refractive index. On the other hand, the label-based techniques require additional labels to manipulate bio-particles. As an example, two conventional cell sorting technique namely fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting (MACS) require cellspecific labeling through fluorophore-conjugated antibodies and magnetic beads conjugated with antibodies, respectively [4] .
Considering the manipulation of a bio-particle in a microfluidic system, depending on the methods there may exist multiple forces on a bio-particle, some of which can be dominant or negligible. Therefore, the order of magnitude estimate of the various forces experienced by a bio-particle is crucial for microfluidic applications to predict the resultant motion of bio-particles. As an example, Brownian motion is the random movement of particles due to the thermal effects; however, Brownian motion is negligible for the particles with a size larger than 1 m for microfluidic applications [5] .
There are several techniques to manipulate bio-particles in microfluidic systems. Several of those methods are reviewed within this paper. Stand-alone review papers are present for each of these methods [6] [7] [8] [9] [10] [11] [12] [13] [14] since there has been a vast amount of research effort on these techniques for microfluidic platforms for the last two decades. In this review, our objective is to give the basics of each method. More work is dedicated for the comparison of the techniques in terms of associated sample preparation, throughput, channel geometry, material and fabrication, and the required hardware. We believe that such a comparison will provide valuable help for the researchers from many disciplines who would like to apply microfluidic technology to bio-particle related biotechnology applications.
Hydrodynamic-based (HD)
In microfluidic applications, the flow can be induced by pressure difference (pressure-driven flow) and/or by electrical field (electroosmotic flow). Since electric field is introduced for electro-osmotic flow, other forces (which will be discussed in the following subsection) other than drag force generated on the particle come into picture. In the case of pressure-driven flow, pressure difference is the main parameter which control the incompressible fluid flow in microchannels. The drag force is the only force generated on the particles as a result of the interaction of the particle with the flow field. Hydrodynamic-based methods are passive methods in which the bio-particle manipulation is performed by use of the drag force generated on the particles through specially designed channel geometries and topologies. The dimensionless numbers which characterize the particle flow in a microchannel are the channel Reynolds number (Re) and the particle Reynolds number (Re p ) [15] :
where U max is the maximum velocity in the microchannel, is the fluid density, is the dynamic fluid viscosity, d is the particle diameter, and D h is the hydraulic diameter of the channel. Typically, flows within microchannels are in Stoke's flow regime (low Re flows) which means the flow follows the boundaries of the domain. When particles are present within the channel, they also follow the streamlines of the flow field in a deterministic manner. However, when an obstacle and/or flow contraction/expansion is presented within the channel, the particle trajectories reveal size dependence. Therefore, by specially designed channel geometries, bio-particles can be manipulated according to their size and deformability.
Introducing obstacles and posts with a critical spacing can be utilized as filter structure to capture (trap) or isolate specific bio-particle of interest with a size larger than the critical size [6] . However, pore-based filtration may be ineffective with deformable bio-particles and/or bio-particles with unique shapes. By introducing series of posts, a size dependent lateral displacement of bio-particles can also be achieved, which is known as deterministic lateral displacement (DLD) (see Fig 1a) [16] [17] [18] [19] [20] . DLD can be utilized for bio-particle separation, sorting and focusing. The presence of slanted or anisotropic obstacles within the microchannel can also induce size-based motion of the particles due to the particle-obstacle interaction induced rotational flows, which is known as hydrophoresis (see Fig. 1b ) and can be implemented for bio-particle separation, sorting and focusing [21] [22] [23] [24] [25] [26] . With the introduction of contraction/expansion (pinch segment) within the microchannel network together with the laminar flow profile, bioparticles can also be manipulated to flow at different streamlines, which is known as pinch-flow fractionation (PFF) (see Fig 1c) and can be implemented for bio-particle separation, sorting and focusing [27] [28] [29] [30] [31] .
The Stoke's flow regime is valid up to Re ∼ 1. When Re reaches unity and beyond, the inertial effects become significant and modify the flow characteristics, which is known as inertial microfluidics. In this regime, particles do not follow the streamlines of the flow field. When the inertial effects come into picture, two inertial lift forces are induced on the particle: (i) a shear gradient lift force and (ii) a wall-effect lift force [15] . A wall-effect lift force induces a repelling force away form the wall. On the other hand, sheargradient lift force induces an attractive force towards the wall [15] . When the channel geometry becomes curved, a secondary rotational flow begins to be observed due to the inertia of the fluid which is known as Dean flow. The dimensionless numbers which characterizes this secondary flow are the Dean number (De) and the curvature ratio (ı) [15, 32] :
where r is the radius of curvature of the channel. De and ı are two important parameters which affect the motion of the particles within curved channels. Inertial microfluidics can be utilized for separation, sorting, focusing, and isolation of bio-particles [33] [34] [35] [36] [37] [38] [39] . A schematics of an inertial microfluidics based sorting can be seen in (see Fig 1d) . The HD manipulation can be also utilized for the separation by shape, since the trajectory of the particles within a microfluidic channel may also possess shape dependence depending on the channel geometry and characteristics of flow. More specifically, the flow of a spherical particle and non-spherical particle may differ. Separation and sorting of spherical and non-spherical particles is important for clinical applications such as separation of yeast cells at different cell stage and separation of parasites form blood. More recently, some research efforts have been focused on the implementation of HD applications on separation by shape using DLD [19, 18, 20] , PFF [28] and inertial microfluidics [40] .
Electrokinetic-based (EK)
Electrical forces like electrophoresis (EP) and dielectrophoresis (DEP) are the subtle solutions to manipulate particles in LOC devices due to their favorable scaling for the reduced size of the system [41] . EP is the movement of the electrically-charged particles in an electrical field due to the Coulombic body force (electrophoretic force) acting on the particles because of their surface charge. For the utilization of the EP, the particle needs to be charged and the applied electric field needs to be constant or direct current (DC).
The EP force on a particle subjected to an electric field of E can be written as:
where q is the net charge of the particle [2] . EP is commonly used in conventional and well-developed separation techniques such as capillary electrophoresis to separate DNA and proteins. DEP is the movement of particles in a non-uniform electric field due to the interaction of the particle's dipole and spatial gradient of the electric field. DEP is applicable even for non-conducting particles and can be generated either by using DC or alternating current (AC) field.
The DEP force on a spherical particle subjected to a DC field of E can be written as [8] :
where E is the electric field vector, ε m is the absolute permittivity of the suspending medium, and R is the particle radius. f CM is the Clausius-Mossotti (CM) factor, which is given by
where ε is the permittivity, and subscripts p and m stand for the particle and the medium, respectively. CM factor has numerical limits from −0.5 to 1.0. For negative CM, negative-DEP (nDEP) force (which is in the direction of minima of the gradient of the electric field strength) is generated on the particle. For positive CM, positive-DEP (pDEP) force (which is in the direction of maxima of the gradient of the electric field strength) is generated on the particle. Similarly, for a spherical particle in an AC-field, the timeaveraged DEP force can be expressed as [8] 
where E rms is the root-mean-square of the AC-field, Re[f CM ] is the real part of the Clausius-Mossotti factor which is defined as
whereε is the complex permittivity and defined as
Time-averaged DEP force, Eq. (6), is valid for a stationary ACfield. If the phase of the AC-field has a spatial variation, Eq. (6) needs to be modified to include this effect. In general sense, time-averaged DEP force can be written as [8] :
where ϕ is the phase of the AC-field. Subscript i refers to each component of the electric field and the phase gradient. The last term in the parenthesis is a tensor notation and refers to the summation of the components of the vector quantities inside the bracket. Im[·] refers to the imaginary part of a complex quantity. The first term depends on the non-uniformity in the electric field strength, and the second term depends on the non-uniformity in the phase of the electric field which is the driving force for the traveling-wave DEP (twDEP) applications. In the case of series of planar electrodes patterned at the bottom substrate of a LOC device which are excited with different phases, the first term leads to levitation of particles with n-DEP response, and the second term leads to an axial motion of the particles over the electrodes. Direction of the axial motion depends on the sign of the imaginary part of the CM.
DEP force depends on the particle size, dielectric properties of the particle and the medium. Moreover, in the case of an AC field, DEP force (through CM factor) also becomes function of the frequency of the AC field. Depending on the dielectric properties of the medium and particle, DEP response of a particle can be switched from nDEP to pDEP. The frequency at which this transition occurs (i.e. the frequency at which DEP force becomes zero) is called the cross-over frequency. Actually, there may exist multiple cross-over frequencies for bio-particles [4] . Since DEP depends on the bio-particles' intrinsic electrical properties, EK manipulation techniques do not require any labeling, and are label-free. Dielectric properties of a bio-particle depend on the morphology and chemical composition of the internal matrix of the bio-particle. Therefore, each bio-particle has its own dielectric signature [41] . This issue introduces a bio-particle specific selectivity; however, also introduces a challenge. Since the biological basis of the dielectric signature of the bio-particles is not well-known, the prediction of the dielectrophoretic motion of the bio-particles in an electric field is not straightforward. For EK manipulation, both negative and positive forces can be generated with different configuration of the electrodes and/or the microfluidic channel structures, and switching the polarity and/or the frequency of the electric field. In addition to that, DEP has a favorable scaling effect which makes it perfect candidate for the manipulation of micro/nano-sized particles [8] . One requirement for the DEP force to be induced is the non-uniform electric field generated within the microfluidic device. Non-uniform electric field can either be generated by means of (i) insulator structures or (ii) by specially designed microelectrode arrays.
Insulator-based DEP (iDEP)
The non-uniform electric field can be generated by means of the specially designed microchannel network (such as serpentine channel and spiral channel) or specially designed structures inside the microchannel network (such as electrically insulated hurdles and obstacles). Typically, the electric field is applied by using external electrodes that are submerged into the reservoirs, and the flow is also induced by the electric field (i.e. electro-osmotic flow). High electric voltage is required to generate the sufficient electrokinetic force within the micro channel network for these applications which makes the use of DC field (or DC-biased AC) feasible. Therefore, commonly iDEP applications are DC-DEP applications. However, special care is needed since the high electrical voltage may lead to a serious Joule heating effect inside the channel. This severe temperature increase inside the channel due to Joule heating may lead to a bubble formation which can severely interfere with the operation of the device [42] . On the other hand, due to the absence of the electrodes inside the device, iDEP devices are robust, chemically inert and do not require any photolithography, thin-film deposition and lift-off and/or etching for electrode fabrication.
Electrode-based DEP (eDEP)
The non-uniform electric field can be generated by means of the specially designed microelectrode arrays (i.e. interior electrodes) patterned within the microchannels. To avoid the adverse effects of DC field such as migration of charged particles towards the electrodes, AC field is applied for eDEP applications. Most of the time, embedded internal electrodes are planar (2D) (i.e. height of the electrodes are in the order of hundred nanometers), and are fabricated within the device by means of complex, time consuming and relatively expensive manufacturing techniques such as thin-film deposition, sputtering, chemical vapor deposition, etc. Moreover, fouling of the electrodes may distort the operation of the device when working with bio-particles [43] . However, with an appropriate design (i.e. closely spaced electrodes), operating voltage can be lowered (which prevents any suffering from Joule heating) for eDEP applications. Moreover, low voltages simplify the equipment and circuitry. For eDEP applications, the interfacial effects may occur at the interface between the fluid medium and the electrode surface, and may lead to adverse effects such as electrode polarization, local heating around the electrodes (which may result in AC electroconvection), bubble formation and dissolution of the electrodes [8] . Therefore, some constraints need to be considered in the design of such systems.
Acoustic-based (ACT)
The use of ultrasonic standing waves for bio-particle manipulation relies on the creation of ultrasonic standing waves within a channel. The generation of acoustic radiation force has been studied for a long time. The formulation for acoustic radiation force on inelastic [44] and elastic spheres was derived [45] and later generalized by Gorkov [46] . In general, equations of acoustics consider the compressible Navier-Stokes equation and the first order harmonic variations on the static mean of acoustic properties. However, the time-average values of these variables lead to zero for harmonic inputs. Realistically, having zero mean for the acoustic variables over one cycle cannot be the case since from the tests it is known that there is net displacement of particles over time which means that the average of the acoustic force over one cycle cannot be zero. Therefore, for the calculation of acoustic radiation force time averaged second order radiation forces need to be used [47] . The gradient of the acoustic radiation potential can be related to the acoustic radiation force as:
where U rad is the radiation potential. Under the assumptions of particles being small with respect to the wavelength of the acoustic waves and not considering acoustic wave scattering from other particles (i.e. small particles with low concentration), the acoustic radiation force can be obtained as:
Eq. (12) contains the variables related to the acoustic properties of the fluid medium as well as the particles to be manipulated. p in and v in are the incident acoustic pressure and acoustic particle velocity, and f and c f indicates the density and the speed of sound of the suspension fluid, respectively. p and c p indicates the density and the speed of sound of particles, R is the radius of the particle. The above expressions are true for any acoustic field. For the case of an acoustic standing wave where acoustic pressure is maximum, the particle velocity is minimum at the channel walls. The following equation shows the acoustic radiation force due to a 1D standing wave as follows:
where k is the wave number, y is the location direction along which the acoustic pressure wave changes, and is the acoustophoretic contrast factor which creates different amount of forcing on particles due to their acoustic properties
The sign of Eq. (14) also determines the direction of the particles' motion when they are pushed by the acoustic radiation force. If the contrast factor is positive, the particles will move towards the nodal points and if the contrast factor is negative, particles move to the antinodes of the acoustic pressure waves. Hence, Eqs. (13) and (14) can be used to determine the acoustic radiation force applied on a bio-particle solution with low concentration such that the acoustic pressure field is not distorted due to existence of the particles. Moreover, the derivation also assumes that the radius of each particle is small compared to the acoustic wavelength.
The acoustic standing wave field creates an acoustic radiation force on bio-particles whose magnitude depends on the size and acoustic properties of the bio-particle. The difference in the magnitude of the acoustic radiation force causes the particles to be manipulated into the different locations within the microchannel based on their properties. Property dependent particle manipulation can be exploited for different applications in biotechnology. Bio-particle washing is one of these applications in which deflection of bio-particles is used to move the bio-particles from one carrying medium to another. For this to occur, there need to be two different types of carrying medium (buffer) flowing in the microchannel and the Reynolds number of the flow needs to be low to satisfy minimal mixing of the two buffer solutions. The idea behind the bio-particle washing is to move the particles from one buffer to another through the use of acoustic radiation force induced by the ultrasonic standing waves inside the microfluidic channel. The process can be seen in Fig. 2(a) . Ultrasonic waves can also be utilized to trap bio-particles (acoustic trapping) to certain locations (nodal planes) of a microchannel. The acoustic radiation force may be used to overcome the drag force on the bio-particles and hold them stationary (i.e. trapped particles). The same principle can be used to clean the medium from bio-particles or increase the number concentration of the bio-particles in the medium. Since the magnitude of the acoustic radiation force induced on a bio-particle depends on the size and acoustic properties of the bio-particle, standing ultrasonic waves can be used in bio-particle separation, which is also known as acoustophoresis. Bio-particles can be manipulated to arrive at certain locations inside the microchannel at different instants. For instance, when bio-particles are directed to the center of the channel by the acoustic radiation force, the time to reach the center of the channel will be different for different bio-particles, and this difference in time can enable the separation of bio-particles. If separation in terms of size is desired, then the largest diameter particles will reach the center channel first where they can be channeled out from the center, whereas the smaller diameter particles can be channeled out from locations that are closer to the channel sidewalls. This process is schematically shown in Fig. 2 (b).
Magnetic-based (MG)
Magnetic field can be used as an external force to manipulate bio-particles. The force applied by the magnetic field on a particle can be written as [48] : where p represents magnetic susceptibility of the particle, m is the magnetic susceptibility of the medium, 0 is the magnetic permeability of the free space, V is the volume of the particle, and B is the magnetic flux density. The important parameters which affect the magnetic force on a particle are the difference between the magnetic susceptibilities of the particle and the medium, as well as the magnitude and the gradient of the magnetic flux. Moreover, the magnetic force depends on the volume of the particle (i.e. the magnitude of the force has size dependence). Typically, it is not possible to generate large enough magnetic force on a bio-particle suspending in a conventional aqueous solution. To be able to create large enough force, the difference between the magnetic susceptibilities of the particle and the medium needs to be large. This difference may be realized either by increasing the magnetic susceptibility of bio-particles or the suspension medium. It is difficult to increase the inherent magnetic susceptibility of bio-particles; however, an engineered paramagnetic micro-particle with high magnetic susceptibility can be attached to bio-particles which causes bio-particles to be manipulated by the paramagnetic micro-particle. For the binding process to occur, the surface of the paramagnetic micro-particle is covered with antibodies which have affinity to bind onto the bio-particle (see Fig. 3 ). The magnetic manipulation using this process is called as immunomagnetic bio-particle manipulation. Alternatively, a ferrofluid or a paramagnetic suspension rather than a typical suspension medium such as saline or PBS (phosphate buffered saline) can be used to generate a large difference in magnetic susceptibilities of the suspension fluid and bio-particle. The use of such suspension medium eliminates the need for attaching a magnetic micro-particles onto the bio-particles. Once the field is introduced, the bio-particles can be pushed away from the magnetic field whereas in the immunomagnetic case the paramagnetic particles (hence the binded bio-particles) are attracted to the magnetic field. The repulsion of bio-particles is due to sign change in Eq. (15) since the magnetic susceptibility of the medium becomes larger than the particles. The magnetic manipulation in which the bio-particles are suspended in a paramagnetic or ferrofluid suspension medium is also called diamagnetic bio-particle manipulation. The diamagnetic cell manipulation is commonly used for focusing purposes. However, the diamagnetic cell manipulation approach can also be used for concentration and separation of particles of different sizes as illustrated in Fig. 4 .
Optic-based (OP)
The use of radiation pressure of light to displace and trap micron-sized dielectric particles was first hypothesized and demonstrated in 1970s by Ashkin [49] . It was not until 1980s that the practical applications of optical forces in physics [50] and biology [51] have shown its true potential. The scientific community has since been using the term optical tweezers to identify the use of optical forces as a means to manipulate nanometer to micrometersized objects. Some of the significant achievements using optical traps are studying molecular motors with subnanometer resolution [52] , fundamental properties of colloids and interface science [53] , mechanical properties of living cells [54] , and polymer elasticity [55] . The ability to precisely control small objects with no mechanical contact is definitely advantageous for microfluidic applications. Recent advances on microfluidic device fabrication brought a different perspective to the utilization of optical forces. Practical applications such as sorting, separation, and self-assembly are now possible using light-matter interaction and basic principles of microfluidics.
The basic instrumentation behind an optical trap is a high numerical aperture (NA) microscope objective that is able to tightly focus a light beam. The dielectric particle near the focus, with higher refractive index compared to its surroundings, receives the incident photons, which are scattered and/or absorbed. Scattering of incident photons creates a momentum transfer, hence the optical force component. The physical principle behind optical traps can be explained by the balance of two forces: (i) scattering forces in the direction of propagation and (ii) gradient forces in the direction of optical field gradient. Scattering force generates radiation pressure that pushes the dielectric particle away from the light source. Gradient force, on the other hand, acts the opposite way and attracts the particle towards the peak spatial light intensity. In the case of tightly focused beam, stable trapping occurs if the gradient force exceeds the scattering force. Trapping depends on factors like particle size, refractive index, laser power and spatial characteristics. Theoretical treatment of optical trapping categorizes the forces on particles depending on their sizes. The condition where the size of the particle is much larger than the wavelength of light (d ) is called the Mie regime. In this regime, the forces acting on a particle can be computed by Ray optics principles, i.e. reflection and refraction. Reflection and refraction on the front and back surfaces creates perpendicular momentum change on a sphere as see in Fig. 5 (a). In the figure, a dashed circle represents cross section of the sphere and was chosen for demonstration purposes.
Assuming a Gaussian intensity profile, the ray closer to beam axis creates more point force than the ray situated further away. The net force pulls the object towards the beam axis, and pushes the object due to scattering. Gradient force only dominates and pulls the object when there is a steep field gradient achieved by tightly focusing the beam. In Mie regime, the force acting on a sphere at an incidence angle of Â and refraction angle of ˇ is due to a single ray of power P is (n 1 QP/c). The refractive index of the medium surrounding the particle is n 1 and the particle refractive index is n 2 . Q describes the amount of momentum transfer at the front and back surfaces for multiple bounces, and is a function of Fresnel reflection (R) and transmission (T) coefficients. Q value for all the rays acting on a circle were given by Ashkin [56] , and the total scattering and gradient forces acting on a dielectric particle were given by Roosen and coworkers [57] . The circle on Fig. 5 (a) can be treated as the intersection of a plane and a sphere on Fig. 5(b) , and the total scattering and gradient forces can be integrated over every point on the sphere as:
where o is the free space permittivity, c is the speed of light, E is the incident electric field and includes the optical beam information such as its radius, r is the radius of the sphere, and is the angle between the plane that the ray propagates and the x-y plane. The condition (d ) is called the Rayleigh regime, describing the diffraction-limited conditions. In this regime, particles are treated as point dipoles, and the gradient and scattering forces are proportional to the real part and imaginary part of the polarizability of the particle, respectively. Scattering force, which is in the direction of incident power and the gradient force, which is in the direction of intensity gradient can be written as [58] :
where m is the index contrast ratio, n 2 /n 1 , and I o is the intensity of light. The scattering force is dependent on the light intensity, the particle size, the wavelength of the light, and refractive index contrast. The gradient force is dependent on the spatial variation of electric field, the particle size and the refractive index. Unlike scattering, gradient force scales with the third power of particle size. Hence, it is easier to achieve trapping for a smaller particle than a large particle.
Since the optical trapping theory is size and geometry dependent, researchers depend on empirical determination of optical forces. The procedure is called optical force calibration (standard methods with their advantages and disadvantages can be found elsewhere [13] ). The main objective of the optical force calibration is to extract the trap stiffness (k) of the optical trap that is treated as a Hookean spring where the force is linearly proportional to displacement (F = − kx). One common approach is the drag force calibration where the particle is held stationary using the trap, and the chamber containing the fluid is moved at a velocity so that the particle escapes from the trap. The velocity information can then be used to calculate the drag force, which is corrected based on the distance to the closest surface. Alternatively, Brownian motion calibration can also be used. In this approach, the fluctuations in the position of the particle are recorded, and a power spectrum is formed and fitted to extract the trap stiffness. This method also requires knowing the drag on the particle. In both methods, accurate measurements of displacement are crucial for the calculation of applied force and either a quadrant photodetector or video tracking is necessary.
Assessment of the methods

Sample preparation and selectivity
The selectivity of the HD methods is based on bio-particle size and deformability. If there is an appreciable size difference among bio-particles, they can be manipulated to different locations within the microfluidic network. One typical aspect of bio-particles is that they do not possess specific size, instead they posses a size distribution. If there is a size overlap for two different bio-particle populations, the selectivity of the HD methods diminishes. One major advantage of HD methods is that they do not need any labeling. Although labeling is not necessary, sample preparation may still be needed, since the concentration of the particles may affect the flow field, and result in a undesired flow patterns. For example in the case of whole blood, dilution of the whole blood may be useful depending on the application.
The selectivity of the EK applications rely on the dielectric properties of bio-particles. The dielectric state of a bio-particle depends on physical (size, shape, surface morphology) and chemical state of the bio-particle. For DC-DEP applications, DEP response can be predicted easily since it only depends on the conductivity of the bio-particle and the medium. For AC-DEP applications, DEP response also depends on permittivity of the medium and the bioparticle. Moreover, DEP response is also a function of frequency of the AC-field. To manipulate bio-particles effectively, the DEP response needs to be pre-determined. Although there are many studies regarding DEP-based manipulation of bio-particles, it is still challenging to predict the DEP response of the bio-particle of interest. The best way is to measure the DEP response of the target bio-particles. There are some proposed methods in the literature for the measurement of DEP response [8, 59, 60] , however the process is not straightforward. A stand-alone microfluidic platform with some special circuitry and/or optical detection system is needed to determine the DEP response of a bio-particle population. If this challenge is handled, the selectivity of DEP can be utilized to manipulate different bio-particles.
The presence of the electric field in EK applications induces Joule heating within the fluid. Depending on the conductivity of the buffer solution and the strength of the electric field, the Joule heating effect can be severe, and cause deterioration of the system performance [8, 42] . Moreover, Joule heating may also cause undesired electrothermal effects which may affect the flow field within the micro channel [8] . Since the physiological buffer solutions for bio-particles typically have high electrical conductivity, dilution of the buffer solution may be necessary for EK applications. This issue is more critical for iDEP applications in which DC electric field is present throughout the device.
For ACT applications, no special sample preparation is needed. The buffer fluid can be any kind of buffer or saline since almost all have similar acoustic properties. Particles with high contrast factors can be manipulated more effectively. A sign or a significant value difference in acoustic contrast factor of bio-particles are desirable for effective differentiation of bio-particles. When the acoustic properties and sizes of particles that need to be separated are close to each other, acoustic properties of the suspension medium can be adjusted such that the acoustic contrast factor shown in Eq. (14) is positive for one type of particles and negative for the other type. Utilizing this idea, red blood cells (RBCs) and platelets have been separated successfully [61] . Although, no bio-particle preparation (other than dilution) and labeling is necessary for acoustic manipulation, labeling of particles were utilized to have better selectivity in a very limited number of studies where bio-particles were tagged with beads which have negative acoustic contrast factors [62] . This way when the acoustic field was employed, the labeled bio-particles can move in the opposite direction of the remaining particles. Moreover, the bio-particle may be labeled with fluorescent dye to improve the visibility of the particles movement [63] .
Considering the MG applications, both the diamagnetic and immunomagnetic manipulation methods require sample preparation prior to the bio-particle manipulation. In immunomagnetic bio-particle manipulation, the particles need to incubated with the bio-particle sample so that the target cells are labeled. The labeling occurs due to biochemical reactions between the antigens and antibodies on the bio-particles and the magnetic particles. The duration of the incubation is in between 10 and 30 min depending on the mixing, temperature and bead-cell concentrations. Moreover, if the manipulated bio-particles are to be infused back to the host, the magnetic particles need to be washed away from the selected bio-particles. However, the sample preparation step allows the immunomagnetic process to be highly selective. It is possible to separate targeted cells which do not have significant physical differences from other cell groups even if the number of total to target cell ratio is in the order of 10 9 [64] . For the case of a diamagnetic particle separation, the bio-particles need to be suspended in a paramagnetic fluid or ferro fluid. The selectivity of this method can be extended by switching the magnetic field using an electro-magnet [65] . Common choices for paramagnetic fluids are MnCl 2 (Managnese (II) Chloride), GdCl 3 (Gadolonium (III) Chloride) and Gd-DTPA (gadolinium(III) diethylene-triaminepentaacetic acid) which is an FDA approved MRI contrast agent. In ferro fluids, the most common choice is the use of EMG408 from Ferrrotec which is a water based product with nano-sized iron particles. At the end of the manipulation process, the paramagnetic fluid or ferrofluid may need to be washed away from the bio-particles if infusion into a live organism is to be followed. Due to the sample preparation and post processing, MG methods require relatively complex procedures. There are some examples of microscale systems which perform the incubation step in-line. One such system uses six rotating magnets [66] to mix micro-particles so that incubation with the bio-particles can occur on the microfluidic device. After tagging the bio-particles, the incubated bio-particles are sent to the microfluidic device and can be positively selected by means of a magnetic field. The process of immunomagnetic separation is generally used for separation of rare bio-particles rather than focusing large number of bio-particles since the immunomagnetic tagging of bio-particles is not economically feasible and is time consuming in large numbers.
In the case of OP applications, it is important to know the physical characteristics of the fluid and the trapped object during optical trapping experiments. Refractive index changes according to medium which the bio-particle is in and the bio-particle type. For instance, the refractive index of the cell media may change during cell culture growth, although the refractive index of individual cells typically stays the same (∼1.38). It is beneficial to measure the mediums refractive index (usually around ∼1. 33-1.35 ) with a refractometer if suspended bio-particles are used. Moreover, refractive index of any bio-chemical stimuli agent introduced to microfluidic channels should be known before hand. The main advantage of OP methods is the ability to sense different colors of light emitted from different fluorophores. Broad-spectrum light detectors can be adjusted with optical filters to detect only certain portions of spectral window. This ability is useful in active and passive feedback systems where the amount of spectral sensitivity is the identifier for the state of a bio-particle. Fluorescence or immunofluorescence staining (labeling) of bio-particles is performed using in-vitro methods depending on the size of the dye molecule. Besides dye staining the cells, the pathogens introduced to growth media during cell preparation can also be fluorescently labeled and used as the diagnostic marker during optical manipulation [67] . In OP applications, the channels need to be primed with certain chemicals prior to flow of bio-particles to prevent adhesion especially during an extended stop of the flow. In the case of biological cells, the cell media containing proteins, glucose, salt, lipids and other nutrients are good priming agents, and need to be applied prior to the operation. Bovine serum albumin is also an effective agent that prevents adhesion of enzymes to glass surfaces.
Flow-rate and throughput
For filtering applications, the particles with a larger size can be immobilized and/or particles with smaller size can flow through the desired outlet. Clogging is typical for filter applications. Moreover, the shear stress induced on the bio-particles may cause lysis. As more and more bio-particles are trapped within the microchannels, higher shear forces are induced, and higher pressures are required to maintain the desired flow rate. For other HD applications, bio-particles flow in a micro channel in a force-free manner. However, for DLD, PFF and hydrophoresis applications, the flow needs to controlled precisely, and regarding both the fabrication (for hydrophoresis the gap size of the contractions is critical and needs to be comparable with the bio-particle size) and the operational concerns, they need to be operated with relatively small flow-rates (in the order of L/h). This leads to low throughput for many clinical applications. As an example, it has been shown that inertial effects decrease the sorting efficiency for hydrophoresis applications [26] . At this point, inertial microfluidics offers a promising perspectively. Inertial microfluidics utilizes the high Re characteristic of the flow; therefore, inherently flow-rates are high in the order of ml/h which leads to high throughput (>∼10 6 particles/min), and this makes inertial microfluidics suitable for many clinical applications. However, the prediction of the flow field and the particle motion in this regime is also challenging. The throughput of several HD application can be seen in Fig. 6 . The highest throughput for HD manipulation is around ∼10 11 particles/min, and belongs to an application in which the plasma is separated from whole blood rather than a differentiation of bio-particles.
The successful manipulation of bio-particles in EK applications depends on the balance between the drag force and the EK forces. An increase in drag force requires an increase in EK force and this indicates the use of higher electrical field strength. Since higher electric fields are not desirable due to Joule heating phenomena [42] , the drag force and the flow-rate are limited for these applications. In the case of eDEP applications, the electric field is an issue only within the vicinity of the electrodes; therefore, higher electric fields can be tolerated. However, one major disadvantage of the eDEP devices with planar electrodes is that the electric field gradient decreases rapidly as the particles flow away from the electrodes. Therefore, an effective manipulation region is generated within the vicinity of the electrodes which reduces the effectiveness of the manipulation. If the electrodes are deposited on the bottom wall of the microfluidic channel, then the height of the channel needs to be limited. This limitation can be solved by introducing 3D electrodes within the device. Many researchers have recently realized this aspect and proposed different fabrication techniques to fabricate embedded 3D electrodes [68] . By introducing 3D electrodes, the flow-rates and the throughput of the DEP-based devices can be enhanced although throughput of EK methods is relatively low, and at this point not suitable for clinical applications. The throughput of several EK applications can be seen in Fig. 6 .
In terms of throughput, ACT devices have relatively higher throughput compared to that of other methods. The flow rates generally range from 1 l/min to 1 L/h. The throughput of ACT devices for some studies can be seen in Fig. 6 . The figure shows eight orders of magnitude difference in the bio-particle throughputs. The studies with high throughputs are generally studies which process whole blood samples. The normal blood count of a male is approximately 5 × 10 9 RBCs in a milliliter of blood. For the applications which do not include fractionation of different cell groups from each other such as separation of plasma from whole blood, the throughput reaches as high as 10 11 particles/min [69] .
Throughput of MG manipulation methods is also promising. The throughput of several MG applications can be seen in Fig. 6 . The largest of the two throughput values [70, 71] belong to a system where the bore diameter of the channel is roughly 8 mm. It may be argued that this diameter is too large for a microfluidic system. Most of the higher flow rates belong to systems with immunomagnetic bio-particle manipulation systems, and diamagnetic particle manipulation systems have lower throughputs. However, it should be noted that the throughputs are purely based on the time that cells spend in the microfluidic circuit. In the immunomagnetic particle manipulation cases, a significant portion of the time is spent on the pre-processing of bio-particles (considering the incubation time for tagging of bio-particles with the magnetic particles), hence the throughputs may not be representative of the total time required for the bio-particles to be processed. Generally, flow velocities in the microchannels are in the order of mm/s or less.
For OP applications, active microfluidic cell sorters compared to its passive counterparts use information such as fluorescence, size and shape by means of photodetectors or image processing to dynamically steer the bio-particles to desired outlets. These systems can operate quite fast based on the type of force used for manipulation. For instance, active sorters either utilize optical forces for grabbing or deflection of bio-particles. Grabbing and deflection occur when the gradient or scattering force dominates each other. Active sorters based on deflection are much faster since there is no need for steering the focused optical beam. 6354 cells/min [72] and 1320 cells/min [67] has been for deflection-based sorters. Grabbing-based sorters are almost an order of magnitude slower with reported values of 300 cells/min [73] and 84 cells/min [74] (the throughput of several OP application can be seen in Fig. 6 ). For active microfluidic systems involving OP manipulation, the flow-rate in the channel and the drag force on the bio-particle competes against the optical force. Considering the optical force on a particle in the range of a few to tens of pN, the fluid velocity needs to be adjusted to achieve desired manipulation for the bio-particle.
Channel geometry
The filtering applications in HD methods typically include a microfluidic channel with post structures. The spacing of the post structures is critical to trap the bio-particles with target size. Depending on the size of the target particles, the spacing can vary between 5 and 15 m. To introduce as many post structures as possible for a given volume, the diameter (or width) of the post structures are typically around couple of tens of micrometers. For DLD applications, again some post (or pillar) structures are also needed. These post structures may have different shapes (circular, square, etc.). Since some amount of lateral displacement is desired to manipulate the bio-particles, the section with the post structures needs to have some threshold length which is typically couple of centimeters. For the PFF applications, rectangular microchannels with sharp corners are required. Although the inlet section of the device is composed of a microchannel with ∼100 m, to achieve fractionation with a good resolution, the exit section of the device needs to be wide, and the geometry of the exit section needs to be critically designed to obtain the desired output. For the inertial applications, since the flow-rates are high to achieve high Re flows, certain length is required to achieve the required lateral displacement of bio-particles. To utilize any circulation within the flow field, it is typical to introduce an expansion/contraction sections and/or post structures within the flow field. More recently, the expansion/contraction in the height direction has also been utilized for both sorting and focusing [38] . To utilize the Dean flow for particle manipulation, spiral and serpentine channels are required, and the radius of curvature of the channels is critical [32] . For hydrophoresis applications, expansions/contractions in the height directions are necessary. The size of these contractions are critical, and certain design procedures need to be followed depending on the size of the bio-particle of interest. Typically the minimum channel height in the contracted part needs be larger than the bio-particle size to avoid clogging, and less than two times the particle size for successful manipulation. One common point about the microfluidic channel network with post structures is that the height of the channel is limited considering the limit of the aspect ratio due to the fabrication constraints.
For EK applications without internal electrodes, a typical channel width is in the order of 100 m together with some specially designed structures. The height of the microchannel is not critical as long as the fabrication is not problematic. For eDEP applications with internal electrodes, the height is critical if 3D electrodes are not used. Typically, channel height varies between 20 and 50 m. For eDEP applications with 3D electrodes, microchannel structures with larger height is possible (typically 20-100 m). In these applications, the limitations for the height comes from the fabrication step of the electrodes.
Channel geometry is quite important for successful implementation of ACT methods. The channels generally have rectangular cross sections. It is significantly easier to couple a piezoelectric patch to a rectangular surface compared to a circular one. The width of the channel (width is the primary direction along which acoustic radiation force acts on bio-particles) needs to be carefully selected as an integer multiple of half wavelength of the acoustic waves within the fluid for the selected frequency. If the transversal configuration is selected for the piezoelectric material placement (piezoelectric materials surface not aligned with the acoustic radiation force direction), the channel width also needs to be selected as the half wavelength of the acoustic waves in the suspension fluid. However, if the layered configuration is preferred, then the channel width can be several wavelengths of the acoustic waves in the suspension medium. Not only the channel width, but also the width of the device needs to be selected as an integer multiple of the acoustic wavelength. The depth of the channel is generally selected significantly less than the acoustic wavelength in the fluid to avoid fitting a standing wave along its direction. The length of the channel is generally in the order of several centimeters which can fit several wavelengths. Since the acoustic waves are required to fit both into the channel and the device, the sensitivity of the performance to the channel and device geometry is significantly high. Therefore, the dimensions of the ACT bio-particle manipulator devices need to be controlled precisely.
MG manipulation has very few constraints on the geometry of the channel. Unlike the ACT method, the performance of the system is not highly sensitive to channel and device geometry. Typically, the width of the microchannels is in the order of 100-700 m, the depth is in the order of 10-100 m, and the length of the channel is several centimeters. Although preferred geometry is a rectangular cross-sectioned microchannel, the capillary tubes can also be utilized [75, 76] . If permanent magnets are used, generally the poles of each magnet is brought to the vicinity of the channel walls. The closer the poles are to each other, the stronger the gradient of the magnetic field is, the (B · ∇)B term in Eq. (15) , which results in stronger magnetic force on the particles.
In OP applications, the channel geometry needs to be adjusted depending on the optical beam characteristics. The focused TEM 00 mode beam size, depending on the microscope objective used, is smaller than most bio-particles, and does not bring any channel size limitations. However, rectangular channel geometries is preferable to avoid optical beam shape change (e.g. circular to elliptical), and to obtain better imaging. Optical clarity is strongly affected by curved channel walls. For diverging single mode Gaussian-like beams, the beam diameter and optical power both have direct impact on the optical force and stress profile. For the applications with high numerical aperture (NA) objectives, the working distance of the objective may be less than a millimeter, and an index matching gel may be needed to take advantage of high NA. The distance between the beam origin and the light-particle interaction area; hence, the channel geometry should be carefully designed both to accommodate the optical setup and to achieve desired physical effects.
Material and fabrication
When the fabrication of the microfluidic devices is concerned, there are basically two common approaches: direct substrate manufacturing (photolithography, etching, laser ablation etc.) and mold-based techniques (hot embossing, injection molding or soft-lithography) [77] . Photolithography has good ability to manufacture very small and complicated microchannel structures, but it usually involves multi-step processes which take considerable time and specific chemical requirements especially for etching steps in high tech facilities such as a clean-room environment. Moldbased techniques require a mold (sometimes mold is referred as the mask) to be fabricated. Although the fabrication of the mold may need lithography-based, relatively complicated fabrication process; once the mold is fabricated, the mold may well be used for several times. After the completion of the mold, the rest of the fabrication procedure is simple and highly reproducible (i.e. low-cost replication), which makes mold-based techniques very suitable for mass production. A common material used in the fabrication of the microchannels is the Polydimethylsiloxane (PDMS) due to its low cost, low toxity and transparency. Bonding PDMS with glass can be achieved using a straightforward surface treatment process with oxygen plasma (a sealed PDMS microchannel can withstand pressures up to five bars [1] ). Soft-lithography using PDMS is a very common technique used in the fabrication of many microfluidic devices for different aforementioned applications.
For direct substrate manufacturing, a common approach is to etch the wafer and seal it with PDMS. Especially, for microfluidic channels with high aspect ratio post structures (AR ∼ 1-5), it is preferred to use etching of the silicon wafer instead of the fabrication of a mold. For low aspect ratio post structures, molding is a better choice. For direct substrate manufacturing, an alternative technique is laser ablation, which is localized, non-contact removal of the material from the surface by exposing the surface to a laser beam. Unlike photolithography, laser ablation does not require a mask and may be applied to a wide variety of substrate materials [1] . Although the cost of the process is relatively low, the investment cost of the equipment is relatively high. Moreover, generally the surface roughness of the laser ablated channels are not superior than that of mold-based techniques [78] .
For the fabrication of the devices for HD applications, softlithography and photolithography is a common approach, and fused silica, PDMS, PMMA and silicon are the common materials. In some inertial [38] and hydrophoretic [27] [28] [29] [30] [31] applications, 3D geometries are needed. 3D geometries can be achieved by utilizing two-step lithography. If 3D structures are both on the bottom and the top wall, lithographic aligning procedure is required [27, 28] .
For the fabrication of devices for EK applications, softlithography with PDMS is a common method. For many EK applications, embedded electrode structures are also required which are designed and located strategically within the microfluidic structure. As a common practice, the planar electrodes within the microfluidic devices are fabricated using metal deposition on a substrate. Additional fabrication steps needs to be introduced for the devices with 3D electrodes. Different fabrication strategies for DEP-based microfluidic devices have been reviewed recently by Li et al. [68] . Titanium, gold, silver and carbon are common materials for the electrodes [68] . Copper has also been used in the literature, but some adverse effects were reported [79, 80] .
For the fabrication of devices for ACT applications, there is a wide variety of materials used for the microfluidic device such as silicon [61, 81, 69] , steel [82] [83] [84] , glass [85, 86] and PDMS [87] [88] [89] [90] [91] as well as other polymers [92, 93] . The choice of material for the transversal configuration should have high acoustic impedance such as silicon, whereas the layered configuration may be manufactured from a wide range of materials ranging from different polymers to steel. The material of choice for acoustofluidic devices, which is excited with surface acoustic waves, is polymers with low acoustic impedance and with good shear wave carrying capacity such as PDMS [87] [88] [89] . For the silicon-based devices, fabrication through standard photolithography and wet or dry etching are common approaches [61, 94, 69, 95, 47, 96] . In the case of polymers and particularly PDMS devices, standard soft lithography methods [87, 89, 93] and rapid prototyping are commonly employed [97] . Typically, a transparent material with higher acoustic impedance such as glass or fused silica is used as a lid to form the channel. This lid is also utilized as an acoustic reflector in transversal configurations.
For the fabrication of devices for MG applications, there is no significant constraint other than material of the device not being a magnetic material. Due to the ease of process and possibility of embedding the magnets into the device, most widely used material is PDMS [48, 64, 98, 99, 65, [100] [101] [102] . Other materials are also used in this method such as PMMA [66] and silica [76] . The use of NDFeB magnetic powder together with PDMS can form self-assembled magnetic configuration and achieve better device performance for capturing applications [99] .
For OP applications, microfluidic channels with optically transparent walls are required. Most transparent materials such as glass, fused silica, PDMS, PMMA are suitable owing to their transparency to visible and near-infrared spectrum. Silicon is reflective to light above its bandgap (below ∼1100 nm), and the trapping laser should emit at optical wavelengths above this limit in the case of silicon as the trapping surface. As noted in the next section, biological viability is reduced at higher wavelengths due to increased water absorption. Thus, materials transparent to visible light are preferred over silicon for bio-particle manipulation. For the fabrication of devices for OP applications, standard aforementioned microfabrication techniques can be applied. Well-known processes such as soft lithography to fabricate PDMS and wet or dry etching to fabricate glass channels are popular among other techniques due to ease of use. Alternatively, 3D laser micromachining and hot embossing are also good candidates to form rigid polymeric channels.
One alternative method to fabricate the microfluidic device is to use mechanical micromachining (i.e. CNC-machining) either for direct substrate manufacturing or for the fabrication of the mold. For direct substrate manufacturing, the limits of the process is constrained by the size of the milling tool which may lead to unsatisfactory end-product for microfluidic applications. However, for the fabrication of the mold, the process is limited by the xyz-accuracy of the tool-positioner of a CNC-machine since the negative of the microfluidic structure is fabricated as the mold. With today's technology, by using magnetic bearings for their positioning systems, the xyz-accuracy of a conventional CNCmachines are around 5 m. Therefore, a mold can be fabricated using mechanical machining within couple of hours without any need for clean-room equipment within the desirable accuracy limits for microfluidic devices. Moreover, CNC-machining can generate 3D structures without any difficulty. Common mold materials for mold-based techniques are silicon (quartz/glass), SU-8 photoresist, polymer based materials (e.g. plexiglas) or any metal based materials (titanium, stainless steel, etc.). Polymer-and metal-based mold materials are superior over silicon or photo-resist based mold materials in terms of durability and robustness. In the case of mechanical micro-machining, any of these materials can be selected. Machinability, cost and the expected life-span of the mold are the important parameters which need to be considered during the selection of the mold material. Another important parameter is the expected life of the mold. Considering the use of the mold to produce more than 7,000-10,0000 parts, metal-based materials are the best choice. However, using metal-based materials comes with a price. Machining of metal-based materials is costly due to the reduced tool life and increased machining time. On the other hand, machining of polymer based materials is less problematic in terms of tool life and machining time, yet the mold still can be used for many times.
The accuracy of the CNC-machining can be further improved by the introduction of specially designed micro-machining centers. These micro-machining centers can operate with an improved spindle speed which leads to a superior surface finish with an improved xyz-accuracy. Within Bilkent University Micro System Design and Manufacturing Center, one conventional CNC machine with magnetic bearings and one custom-made micro-machining center is available and used for the fabrication of the molds of the various microfluidic devices [103, 104] . An example mold fabricated with conventional CNC-machine, and a mold fabricated with the micro-machining center can be seen in Fig. 7 . The fabrication of metal electrodes with CNC machining is also possible which leads to 3D metal electrodes. An initial attempt has been made for the fabrication of an eDEP device with 3D electrodes. A microchannel with a width of 100 m and a height of 100 m was fabricated. The device and the mold can be seen in Fig. 8 . Total machining time for the mold and the electrodes took approximately 180 min. The embedded electrodes were also removed from the device and reused for the fabrication of a duplicate device without any problems. CNC-machining is rather an alternative method not a competitor for the lithography-based techniques. Especially for the mold-based fabrication, it offers unique advantages: (i) post structures with aspect ratio around 1.0 can be introduced without any difficulty, (ii) the 3D geometries with varying channel length can be fabricated easily, (iii) the angle of the microchannel sidewall on the mold and the height of the microchannel can be controlled precisely within the accuracy limit of the machining center, and deep channels can easily be fabricated. On the other hand, structures with sharp corners or an obstacle with corners is problematic since certain fillets always exist depending on the radius of the tool.
Hardware
For HD applications, the important parameter is the flow field. Flow field needs to be controlled through precise pumps and valves. For microfluidic applications, the use of syringe and/or peristaltic pumps are common. Due to the superior flow control and ease of use syringe pumps are more popular in microfluidic applications especially for low flow rates (∼1-100 ml/min). More recently, LabSmith Inc. (www.labsmith.com) has introduced micro syringe pumps (flow-rates ranging between 50 nl/min and 5 ml/min), automated valves and microfluidic components specially designed for microfluidic applications.
For EP and iDEP applications, DC electric field is typically applied throughout the channel, and the flow is induced by electro-osmosis. Depending on the electrode geometry and flow rate, a high voltage source may be necessary. For eDEP applications, AC electric field is preferred and the applied frequency ranges from few kHz to tens of MHz with amplitudes from 5 to 100 V peak-to-peak depending on the electrode geometry within the microchannels. Application of DC voltages requires less auxiliary equipment (e.g. signal amplification equipment or an RF amplifier) with respect to AC although conventional function generators may be enough for most applications. Typically, using AC frequency complicates the DEP setup. Moreover, the frequency of AC field needs to be tunable owing to frequency dependent CM factor. Even though it is desirable to have DEP operation with a single set frequency, especially for commercial point-of-care products, frequency tuning may be required in practice. Conventional function generators typically are equipped with such feature. The EK systems and applications include frequency dependent components with two or more electrical ports, and the electrical properties of components and materials are characterized either using LCR meters or impedance analyzers. LCR meters are usually preset and used at certain frequencies of kHz range. Impedance analyzers are preferred due to the ability to sweep in frequency domain from few kHz to RF range. Impedance measurements can also be applied to extract dielectric properties of bio-particles when they are nearby the induced electric potential [105] . Accurate determination of bio-particles dielectric properties is another critical requirement for commercialization of DEP devices since bio-particles of similar sizes may exhibit positive or negative DEP forces at the same operation frequency. Similar to impedance analysis, DEP affinity separation or crossover frequency determination allows measurement of frequency dependent DEP force and identification of two dielectrically dissimilar bio-particles (e.g. blood cells and cancer cells) [106] . Crossover frequency determination method involves electro-rotation and requires a swept frequency generator and electronics to enable accurate phase shifting of the generated signal.
For ACT applications, a voltage source is necessary to create the acoustic wave and acoustic radiation force. Typically, a piezoelectric patch is used as an acoustic wave source. Piezoelectric patches are ideal due to their low cost and efficient radiation at ultrasonic frequencies. The piezoelectric patch attached excites the material which carries the waves to the medium where the particles are suspended in. The use of piezoelectric ceramic material (such as PZ26) is common due to their high voltage abilities. The position of the piezoelectric material with respect to the device determines which type of configuration the resonator is in. There are three main configurations where the piezoelectric material can be placed against the chip which are transversal [61, 92, 107, 94] , layered [82, 108, 85, 109] and surface acoustic wave (SAW) configurations [87] [88] [89] . In the transversal configuration, the piezoelectric material is placed on the device such that the standing wave is positioned along an axis perpendicular to the normal of the piezoelectric patch surface. The layered configuration requires the surface normal of the piezoelectric patch to be aligned with the direction along which standing waves are positioned. Surface acoustic wave configuration generates the acoustic radiation force through propagation of surface waves on the device. To actuate the piezoelectric material, a power amplifier that can operate at radio frequencies and ultrasonic frequency ranges is required. Typically, the power required for ACT applications is in the order of couple of Watts. However, in some high throughput studies with PDMS materials, it can go up to 10 W [97] which requires an additional external cooling of the piezoelectric material and the channel. The use of aluminum block as a heat sink may be applied [85, 97, 110] .
For MG applications, the only hardware required is a mechanism to create magnetic field gradient inside the microchannel. Generally, permanent magnets are used to create the required magnetic field, and the choice for the permanent magnet material is almost always NdFeB (Neodymium iron boron) magnets. The use of permanent magnets rather than electro-magnets simplifies the design and eliminates the need for power. On the down side, the use of permanent magnets makes it difficult to control the magnetic field strength, and it does not allow the use of switching field which may add additional selectivity to the process [65] . The pole configuration of the permanent magnet depends on the type of manipulation being performed (focusing, concentration or separation) as well as the choice of method for manipulation (diamagnetic or immunomagnetic). The strength of the magnetic field flux is generally in the order of 0.1-0.2 Tesla, but the total magnetic flux can be as high as 1 Tesla. The distance between the magnet pairs can range from tens of m [111] to several mm [75] . Bio-particles can also be manipulated using the magnetic field induced by the permanent magnet on a ferromagnetic wire placed inside the microchannel [112, 113] . Additionally, electrodes can also be introduced within the device to switch the magnetic field [65] , and to provide high resolution control over positioning of bio-particles [100] .
An optical tweezer setup is usually built around a microscope, and all the electronic and optical elements are integrated. Commercial optical tweezer setups are available for purchase (Thorlabs Inc., www.thorlabs.de), yet most setups are built from scratch, and customized according to the need. Handling biological specimen requires extra attention during selection of the laser due to optical damage and heating effects. Since biological specimen show low index contrast with respect to its surroundings, the amount of laser power to trap and move such an object is higher than that of a polystyrene bead. The typical laser powers range from a few milliWatts to a Watt, and absorption increases linearly with power. The choice of laser wavelength is even more critical for biological objects due to low water and protein absorption requirement. Visible spectrum (400-700 nm) has the lower water, but higher protein absorption. On the contrary, wavelength spectrum above 1250 nm introduces many orders of magnitude higher water absorption; therefore, a heating problem that may damage the biological specimen can occur. The most preferred wavelengths for trapping are around 800 and 1064 nm. Laser diodes at these wavelengths with optical fiber ends, not only provides high optical power, but also has a very good quality single-mode beam profile suitable for optical trapping. Traditional optical tweezers require a clean Gaussian TEM 00 mode out of a laser, which satisfies the sharp intensity change required for high gradient force. For slow manipulation of biological objects in microfluidic channels, this requirement must also be satisfied. However, for applications that only utilize the radiation pressure to push or deflect biological objects (i.e. high speed sorting), a high-powered and focusable laser source is adequate.
Application
HD methods mainly use the shape and the size of the bioparticles to manipulate them; therefore, mainly HD devices have been proposed for separation and sorting of (bio)particles by size [16] [17] [18] [21] [22] [23] [24] [25] [26] [27] [29] [30] [31] [33] [34] [35] [37] [38] [39] 114, 115] and shape [19, 18, 20, 28, 40] . Separation by size includes (i) enrichment of low-concentrated cancer cells from the peritoneal wash [114] , separation of plasma from whole blood [115] using filtration, (ii) separation of white blood cells (WBCs) and RBCs [17] , separation of plasma from whole blood [17] , separation of parasites from human blood [19] , capturing of circulating tumor cells (assisted by affinity-based cell culture) using DLD, (iii) separation of RBCs and WBCs [22] and separation of U937 (human leukemic monocyte lymphoma cell line) cells at different phase using hydrophoresis, (iv) enrichment of leukocyte [30] using PFF, and (v) separation of Escherichia coli from RBCs, separation of WBCs, MCF-7 and MDA-MB-231 breast cancer cells [116] , focusing of Jurkat and MCF7 (a breast carcinoma cell line) [38] , separation of HeLa and MCF cells [34] , focusing of HeLa and Jurkat cells [39] , separation of plasma from whole blood [117] using inertial microfluidics. Separation by shape includes (i) separation of parasites from human blood [19] , filtration of budding yeast cells [18] , separation of RBCs [20] using DLD, (ii) separation of RBCs from whole blood [28] using PFF, (iii) focusing and separation of Saccharomyces cerevisiae yeast cells [40] using inertial microfluidics. More recently, an integrated microfluidic device has been proposed for real-time volume measurement and actively controlled pressure-driven flow to sort the particles by volume [118] . Sub-populations of G1-phase and M-phase of a single culture of S. cerevistiae yeast cells sorted at 100% efficiency. The same device was also implemented for size measurement in a non-sorting mode. The throughput of the device was reported as 30 cells/min in sorting mode, and 900 cells/min in counting mode. Although the throughput is low to process high numbers of bioparticles, superior sorting efficiency makes the proposed design an ideal device for sorting small numbers of bio-particles at very high resolution.
Typically, population of bio-particles is heterogeneous even if the population is genetically identical. Conventional methods which assess the average responses from a population may be misleading to understand the individual cell dynamics. Therefore, single cell analysis is very important. Microfluidics offers a great opportunity to analyze the inherent complexity of the cellular systems on a single cell basis with dynamic monitoring [119] . Bioparticles can be trapped in a microchannel network by introducing specially designed structures. Recently, Bell et al. [120] proposed to use of hydrodynamic traps to capture and hold Schizosaccharomyces pombe cells (fission yeast) in a well-defined array with minimal effect on growth kinetics to monitor their growth using superresolution microscopy.
EK methods (more specifically DEP) have been implemented for the separation of WBCs and breast cancer cells, separation of different bacteria species, concentration of E. coli and S. cerevisiae cells, trapping of chromosomal DNA from lysed E. coli cells, trap and concentrate single-and double-stranded DNA molecules, trapping of linear and supercoiled DNA molecules, separation of cancer cells from blood stream, isolation of malaria-infected cells from blood, separation of electroplated and non-electroporated cells to name a few [8] (an extensive review of the studies up to 2010 can be found elsewhere [7, 8] ). DEP has been implemented for the separation of S. cerevisiae and Lactobacillus casei, and L. casei and Jurkat cells [121] . In a recent study, EK methods have been utilized for trapping and lysis of RBC [122] . AC-field was utilized for trapping, and DC-field was utilized for the lysis. Moreover, trapping and lysis were monitored by measuring the impedance between the electrodes. DEP has also been used to enhance the filtering process for a sample preparation platform for depleting cells and abundance proteins from blood [123] .
In biofuels production systems, the target microalgae with high lipid content is preferable to ensure high lipid productivity for a better economic feasibility. Therefore, the differentiation of lipid-rich and fast-growing microalgal species is a vital step for the development of oil-based microalgal biofuels production systems. It has been also demonstrated that DEP has also a potential to differentiate microalgal species with different lipid contents [124] .
ACT methods have been implemented for bio-particle wash [95, 47, 96, 84, 125, 92] , trapping [125, 92, [126] [127] [128] [129] [130] [131] [132] [133] [134] and separation [69, 108, 85, 91, 9, 81, 135, 94, 136, 137] . Bio-particle washing relies on focusing the particles to the center of the channel, and out flowing the bio-particles collected at the center into another suspension medium. Utilizing this concept, the bio-particles such as RBCs [95, 47, 96] and yeast [84] have been washed with a microfluidic device. The idea of acoustics based bio-particle trapping can be used in the applications of bio-particle enrichment (concentration) [125] as well as clarification of these bio-particles from the suspension [92] through entrapment at certain locations within the microchannels or trapping them in droplets [126] . Moreover, using trapping force, patterning of bio-particles at certain locations may also be utilized for the collection of bio-particles for bio-assaying applications [92, 127] . In order to generate the acoustic waves for trapping the bio-particles, confocal piezoelectric materials which are able to focus ultrasonic waves [128] , as well as configurations of piezoelectric transducer in transversal and layered configurations [129] may be used. The piezoelectric material may be placed directly in contact with the fluid where particles were suspended, and particles can consequently be trapped under the generated acoustic radiation force [130] . It is also possible to increase concentration of bio-particles by directing them to the center of the microchannel, and during this movement removing the fluid from the channel which results in increased number of particles per unit volume of fluid. Implementing this idea, 200 fold increase in concentration was obtained for human cells [131] . The main limitation with ultrasonic trapping/concentration is in the use of sub-micron particles. The acoustic radiation force is not large enough to trap the particles as the size of the particle gets smaller (note that the acoustic radiation force changes with the cube of the diameter of particles). The acoustic radiation force is used to overcome the drag force, so that particles can be trapped. The fluid drag force changes linearly with the diameter at the creeping flow limit. Therefore, as the diameter of the particle gets smaller, the acoustic force reduces significantly compared to the drag force. Generally speaking, bio-particles below 1-2 m are difficult to trap using the aforementioned ACT methods. Different methods have been proposed to overcome this problem. One of these methods is the use of heptagonal configuration of transducers [132] which creates a field such that small particles can still be moved to certain locations inside the heptagonal region. The feasibility of the approach was shown on localization of particles as small as 1 m. Alternatively, the use of secondary forces were also utilized. Once the bio-particles start the concentrate at certain locations and form clumps, the secondary forces which causes attraction forces at the vicinity of the particles begin to generate. These secondary forces improve the trapping performance. In a recent study, the secondary forces have been used to trap submicron bio-particles [133] . 10-12 m particles were loaded into the channel prior to the loading of the sub-micron particles. These particles created more dominant secondary effect, and an efficient trapping of 490 nm particles were succeeded (a more detailed review of bio-particle trapping can be found elsewhere [134] ). The separation of bio-particles by exploiting the difference in size and acoustic properties has been performed successfully including separation of lipid particles from erythrocytes [69] , human cells from bacteria [108] , human sperm from epithelial cell DNA [85] , separation of plasma from the rest of the blood cells [91, 9] , removal of platelets from a progenitor cell product [81] , separation of cells at different phases of mitosis [135] , separation of viable and nonviable mammalian cells from each other [94] and detection of prostate specific antigen (PSA) in whole blood [136] .
In comparison to engineered micro-particles, the distributions of size, shape and acoustic properties have larger variations in biological samples which makes the separation process of bio-particles more challenging. One of the major concerns for the bio-particles is that they may be negatively affected from the separation, concentration or washing processes. It is known that cells may be damaged or activated (like platelets) because of shear which occur during processing. Cell viability has also been assessed after acoustic separation or manipulation processes. In order to determine the viability of bio-particles, trypan blue was used, and it was observed that the cells were not negatively affected from acoustic manipulation process [81, 86, 92, 110] as they were viable after being exposed to ultrasonic waves. Referring to the strong suits of the ACT methods, an ACT diagnosis device has already commercialized (Attune Acoustic Focusing Cytometer by Life Sciences, www.lifetechnologies.com).
MG methods for bio-particle manipulation can be grouped into three different types of applications for the clinical and diagnostic applications. The first group focuses on use magnetic field on bio-particles, namely RBCs, which are affected from magnetic field without the use of paramagnetic particles or suspensions. This is due to an exceptional property of deoxygenated RBCs. The hemoglobin protein in an RBC carries iron molecules; hence, will respond to magnetic field if it is deoxygenated. Due to this special property the RBCs can be separated out from a blood sample under the influence of a strong magnetic field in a microchannel. In this respect, the separation of the components of blood through manipulation of RBCs with magnetic field has been implemented [112, 113, 138] . A ferro-mangetic wire in the flow path which was magnetized through an external permanent magnet was able to deflect the RBCs where as the WBCs were not affected from the magnetic field. The capture rate of 90% (for the RBCs) and throughput in the order of 10 6 cells/minute have been achieved [113] . The change in magnetic susceptibility of RBCs which are affected from the malaria infection, has also been utilized for the separation of infected RBCs [139] . The second group focuses on the diamagnetic manipulation method to focus, trap and separate engineered particles as well as bio-particles. The diamagnetic method requires the engineered or bio-particles to be suspended in a ferro or paramagnetic suspension medium. The yeast cells [140] as well as HaCaT (human skin keratinocyte) cells [76] were successfully focussed to the center of the channel. Trapping and concentration of the yeast cells [141] , mouse fibroblast and algea [111] have been achieved. The diamagnetic separation principle can also be applied for separation by size [102] . The yeast cells have been successfully separated from each other in EMG408 ferrofluid [142] with a permanent magnet. Alternating magnetic field can also be applied to separate RBCs and RBCs with sickle cell anemia [65] . The third group focuses on the immunomagnetic bio-particle manipulation for selection of rare cells such as separation of tumor cells from other cell types such as blood cells. Using immunomagnetic labeling of the cancer cells, colon, skin and breast cancer cells have been successfully separated from whole blood [143] . Moreover, the separation of MCF-7, SK-BR-3 breast cancer cell lines from whole blood [48, 99, 64] , capturing of rare colon and breast cancer cells with a very low concentration (10 9 : 1) [64] , detection and concentration of influenza virus [98] , the separation of tagged leukocytes in blood from RBCs with the use of magnetic stripes [144] , collection of CD34+ stem cells from leukapheresis product [70, 71] using millimeter size tube and a quadrupole magnet arrangement have been successfully performed. Switching of the magnetic field may provide an additional selectivity for separation of bio-particles, and was used for the separation of blood cells and bacteria [65] .
Viability is especially important for diamagnetic based manipulation methods since suspending the bio-particles in ferromagnetic or paramagnetic fluids may affect the viability or longevity of bioparticles. The effect of paramagnetic and ferrofluids on cell viability has been investigated, and it was reported that HaCaT cells were half dead after being exposed to paramagnetic fluid for 4 h [76] . In another study yeast cells, after being focused in a paramagnetic fluid, were plated in agar plates and the CFU/ml (colony forming unit) was counted [140] . When compared against a control unit, it was observed that only 10% less colonies were formed compared to control samples. Regarding these studies, it may be concluded that the cells in paramagnetic fluid are affected negatively however the severity of the effect depends on the type of cells, concentration of the paramagnetic fluid, as well as the duration of time which cells were suspended in the medium. Therefore, in terms of viability the diamagnetic manipulation methods may be implemented on diagnosis applications without important negative drawbacks. However for clinical purposes, the suspension of cells in such medium and then infusing it back to the patient may be problematic due to viability issues as well as possibility of allergic reactions to these ferro and paramagnetic fluids.
In OP methods, optical forces generated with a single beam of light that is capable of manipulating a single object is the basic idea behind the optical tweezers. Optical tweezers have been implemented for the separation of a single yeast cell from the population [145] , transporting bacteria from the inlet reservoir to other reservoirs containing fluorescent dyes [146] , to isolate a single cell and perform single-cell proteomic analysis [147] , for the movement of a single cell between two distinct media flow (at the Y-junction of a microfluidic channel) to monitor the cell response to environmental changes [148] . Although the separation and transportation were performed passively and no physical information about the trapped object was used, active devices can be implemented in which certain characteristics of objects are fed back to a control system and decisions are made accordingly for the sorting of biological cells according to their physical and chemical characteristics. Optical forces can also be utilized for sorting in a microfluidic environment by optically deflecting fluorescently labeled cells with a throughput of ∼20-100 cells/s [72] . Optical tweezer based microfluidic sorters have been able to isolate infected mouse macrophages from a population to show its effective use in diagnostics [67] , and cells with different sizes using adaptive image processing methods [74, 73] . OP methods have been worked extensively, and following the research phase, commercialization of microfluidic based optical trapping technology is underway [149] .
Applications that require trapping of multiple particles are achievable by creating multiple optical beams (i.e. focusing on multiple spots). Multiple beam paths can be created by splitting a single beam of light into more beams and forming a spatial pattern. Spatial light modulators are instruments specifically designed to achieve dynamic trapping patterns [150] . Both holographic optical tweezers and generalized phase contrast based optical traps use spatial light modulator technology to create reconfigurable trap sites in 3D space. The applicability of 3D tweezers has been demonstrated to manipulate yeast cells [151] and E. coli bacteria [152] in a petri-dish environment and in a microfluidic channel [153] . Hexagonal holographic optical trap has been also utilized for the measurement of the tension built up throughout the actin filament network in a controlled chemical microfluidic environment [154] .
Mechanical properties of bio-particles play an essential role in for cell biology and diagnostics. Stretching of bio-particles with optical tweezers is a common practice to explore the mechanical properties of bio-particles. Typically, optical tweezers are used in cell-culture plate environment to study erythrocyte biomechanics [54] . A dielectric particle binds to the cell of interest and can be held with a micropipette, while another particle is manipulated using a single focused laser beam. This approach requires mechanical contact to cell, and is low throughput due to simultaneous manipulation of light and micropipette. To overcome such problems, a microfluidic based dual-beam optical trap was proposed to study cells involved in malignant transformation [155] . Healthy, cancerous and metastatic breast epithelial cells were trapped and elongated to compare their deformability. Unlike a single focused beam that attracts the cell, two diverging beams with same spatial characteristics and power were used. A single diverging beam pushes the cell due to higher scattering force while two combined beams can trap the cell at the center of the channel. When trapped, momentum change on the front and back surfaces creates force vectors that do not compress but elongate the cell (see Fig. 9 ). The advantage of this method is its superior throughput compared to standard optical tweezers although it is still necessary to stop the flow in the channel during the stretching experiment. To overcome this issue, a dynamic approach involving a high power laser diode bar was introduced to study erythrocyte elasticity [156] . This approach took advantage of the fact that a single optical beam also creates instant stretching forces while pushing the cell. Dual-beam optical trap was later applied to characterize mechanical properties of giant unilamellar vesicles, which are model systems for plasma membrane [157] , and to detect molecular signatures of polymer network in a biological cell by Raman spectroscopy [158] . More recently, EK techniques have also been implemented to stretch the bio-particles between electrodes. DEP has been utilized to stretch two cell types, one of cancerous origin (MCF-7) and the other from related non-cancerous tissue (MCF-10A) [159] . The results revealed that by analyzing the mechanical behavior of the cells, cell types can be identified.
Hybrid methods
As discussed so far, each method has its own advantages, disadvantages and limitations in terms of sample preparation, selectivity, throughput, fabrication, etc. Depending on the application one particular method may be superior compared to the others. However, hybrid methods which combine some of these technique may extend the capabilities of each method and offer some new possibilities.
The hybrid implementation of optics with EK (which is also called opto-electric (OE)) is a relatively mature field (an excellent overview of OE manipulation can be found elsewhere [160, 161] ). In OE applications, the optics is used to modify and perturb the local electrical properties of a patterned surface. The patterning is performed either by a programmable illumination system or by a mask. If a photoconductive layer such as amorphous silicon (for low conductivity buffer solution, <100 mS/m) or a phototransistor array (for high conductivity buffer solutions, >1 S/m) is coated on the surface, it is possible to get a desired electrode pattern (i.e. virtual electrodes) on the surface with the aid of optics [160] . With the desired electrode pattern DEP can be utilized for the manipulation of bio-particles. OE based microfluidic systems has proven to manipulate many different types of bio-particles such as RBCs, WBCs, HeLa cells, Jurkat cells, motile and non-motile sperms to name few [161] .
ACT methods have a promising throughput with relatively lower selectivity. The selectivity of ACT methods can be improved by combining it with DEP or OP methods. Ravula et al. [162] utilized the ACT method to manipulate large number of particles into a relatively larger streams as pre-concentrator and utilized the DEP for single stream focusing with a throughput of 10 4 -10 5 particles/min. The combination of two methods resulted in better focusing with reduced variability in the particles location which would improve the fidelity of the any optical signal based measurement. More recently, an integrated architecture is simulated for the washing, separation and concentration of the particles in which ACT methods are utilized for the washing and concentration, and DEP is utilized for the separation [163] . In another study, ACT trapping has been combined with OP trapping to manipulate larger particles (with an effective diameter >70 m) [164] . It is not possible to levitate the large particles with a reasonable laser power within a microchannel; therefore, ACT trapping was used to levitate and trap the particles within a certain focus plane, and a optical tweezers has been utilized to manipulate the particle within this focus plane. The manipulation of living dinoflagellates and potato starch grain has been successfully achieved [164] . EK methods have also combined with MG methods to focus particles [165] and screening of the mechanical properties of lipid bilayer vesicles [166] . In these studies [165, 166] , different methods are employed to create different forces to manipulate particles in different directions.
Concluding remarks and outlook
Microfluidics and lab-on-a-chip technology offers unique advantages for the next generation devices for diagnostic and therapeutic applications. Manipulation of the bio-particles is the key ingredient for these applications. Different techniques are available for the manipulation of bio-particles in microfluidic techniques. Some of the techniques together with their strong suits and weaknesses have been discussed. The comparison of different techniques and the recent applications regarding the microfluidic bio-particle manipulation are presented. Some of the major remarks, challenges and future research directions for microfluidic bio-particle manipulation can be summarized as:
• HD methods offer a label-free manipulation with high throughput potential using inertial microfluidics. However, its selectivity is limited to size and shape. Sample preparation may be needed such as the dilution of the particle suspension. The hardware required is flow control devices such as pumps and valves. Fabrication process can be performed using standard microfabrication techniques. • EK applications offers a label-free manipulation with relatively low-throughput for clinical applications. However, its selectivity is superior; same size, same type cells may be differentiated according to their cell cycle state. The prediction about the response of the cells is not straightforward, and sometimes additional effort is required. Typically dilution of the biological buffer solution is necessary. Fabrication requires additional steps if fabrication of the embedded electrodes is necessary. On top of the flow control hardware, AC or DC power supply is required. • ACT applications offer label-free manipulation with relatively high throughput. Its selectivity depends on the size and the acoustic properties of the particles. However, having the channel geometry is critical for successful operation. On top of the flow control hardware, a piezoelectric material and an AC power supply to actuate the piezoelectric material are required. • MG applications offer bio-particle manipulation with relatively high throughput. In many cases, the labeling of either the particles or changing the buffer solution is required. With a proper labeling, this method is highly selective. On top of the flow control hardware, a permanent magnet or an electro-magnet is necessary. Due to the labeling requirement, it is not preferable for therapeutic applications. • OP applications (or optical tweezers) offers high precision manipulation with low throughput applications. OP methods may or may not require labeling. They have an excellent selectivity with proper labeling. Conventional systems do not require any additional fabrication steps. Typically, on top of flow control hardware, a laser and a driver equipment, optomechanical instruments, a microscopy system, photodetectors, an amplifier circuitry, and a motorized stage is required. Microfluidic OP applications is best suited to practical applications involving displacing bio-particles in a flow environment, or precise delivery of biochemical stimuli to bio-particles. • Regarding OP applications, a research effort needs to be dedicated on building compact optical force instrumentation using optical fibers to avoid the necessity to use a light microscope. This way, optical forces can be harnessed to create smart micro total analysis systems using miniaturized setups which require minimal intervention. The advances in piezo-positioning stages and its control electronics, laser holography and spatial light modulator systems, and fast imaging systems will alleviate the challenges, and possibly open the road for more than proof-of-concept applications. • High-precision mechanical machining is an alternative method for lithography-based fabrication of the molds. The unique advantage of being able to fabricate microchannels with varying heights and high aspect-ratio, the performance of the microfluidic systems may be improved. Moreover, the hybrid use of CNC machining with lithography-based microfabrication techniques may open up some new opportunities. Commercialization stage of the microfluidic technologies requires the fabrication of microfluidic devices on a mass scale and low cost. Injection molding, which is a well-known manufacturing process for many plastic based devices we used in our daily life, together with the high-precision CNC machining can be utilized for mass-scale production. Once a mold has been manufactured with high precision, several thousand parts can be replicated with little or no extra effort. • Hybrid methods which combines several methods to compensate the drawback of each method involved in the process is a promising research field. Combination of these methods may extend the capabilities of each method and offer some new possibilities. More research efforts may be expected to be devoted in hybrid methods in near future. • There exist two clinical applications of aforementioned methods: diagnostics and therapeutic. In diagnostic applications, the amount of cells that need to be processed is significantly lower compared to that of therapeutic application; hence, low throughputs are tolerable. Final biological state of the bio-particles is not a concern as long as the necessary information is extracted from the sample. In therapeutic applications however, the initial biological state of the bio-particles needs to be preserved and the amount of bio-particles to be processed is several order of magnitude higher. Hence, high throughput is extremely important for therapeutic applications. Pre-processing such as dilution, labeling, suspension medium change is not preferable in therapeutic applications. Considering all these constraints, there are limited number of methods promising for therapeutic applications. Regarding their throughputs and the label-free nature, the ACT and HD (more specifically inertial microfluidics) seem to be strong candidates for commercial bio-particle manipulation devices for therapeutic applications in the near future. • Simulation is important for an efficient design of microfluidics devices for bio-particle separation. Typical microfluidic device the channel length is long compared to the width and height of the channel and this requires large number of mesh within the solution domain. The problem becomes more complicated with the inclusion of multiphysics nature and the presence of the moving particle(s). In some cases, 2D modeling with point particle approach, which neglects the disturbance of the particle on the field, together with some statistical approach may be an assessment tool [163, 167] . However, point particle approach especially for hydrodynamic application is not preferable since the trajectory of the particle is determined by the shape and the interaction of the particle(s) with the flow field and the walls. Therefore, the development of computational models which can handle particle(s) presence within the solution domain is important for the development of microfluidic technologies. • In order for a microfluidic bio-particle manipulation prototype (method) to be a successful commercial biomedical or biotech device, certain requirements need to be satisfied. The design needs to be economically feasible (especially true for the disposable components of the design), should allow sterilization of the disposable components and prevent the any contact of biological fluids and cells with the hardware components. Moreover, the materials used needs to be biocompatible, and the interface between the hardware and the disposable set should be simple and intuitive so that the disposable set can be loaded on the hardware reliably by the user.
